Marchantin A, the first characterized macrocyclic bis(bibenzyls) found in the liverwort Marchantia polymorpha shows interesting biological activities such as antifungal, antimicrobial, cytotoxic, antioxidant and muscle relaxing activity. Previously, Zenk et al. reported the phenylpropane/polymalonate pathway in the biosynthesis of the marchantins in M. polymorpha. To clear this pathway, transcriptome sequencing and digital gene expression analyses of M. polymorpha were carried out by using Illumina RNA-seq system.
The liverwort Marchantia polymorpha is widely distributed in the world and is a rich source of macrocyclic bis(bibenzyls). Marchantin A, the first macrocyclic bis (bibenzyls) characterized in liverworts, shows interesting pharmaceutical properties, e.g. antifungal, antimicrobial, cytotoxic, antioxidant and muscle relaxing activity [1] . Marchantin A (10) contains two bibenzyl moieties which are condensed by ether bridges. The bibenzyls lunularic acid (8) is the monomeric precursor for the condensation reaction to the bis(bibenzyls) molecules. Zenk et.al [2, 3] reported the hypothesis of biosynthesis of marchantin A (10) as elucidated from precursor feeding experiments (Fig. 1 ). L-Phenylalanine (1) is deaminated to yield cinnamic acid (2) which is converted to pcoumaric acid (3) by hydroxylation. Enzymatic hydrogenation yields dihydro-p-coumaric acid (4) , which in activated form, condenses with three molecules of malonyl CoA to form prelunularic acid (7) . Aromatization yields lunularic acid (8) . Two molecules of lunularic acid (8) condense by cytochrome P-450 enzyme to yield marchantin C (9) . Finally, the cytochrome P-450 enzyme catalyzed hydroxylation of marchantin C (9) to yield marchantin A (10) .
With the development of next-generation DNA sequencing, RNA sequencing (RNA-seq) technique represents a new powerful method that can be used to elucidate the overall patterns of gene transcription and expression level [4] . We performed the analysis of biosynthesis of marchantin A transcriptomes using Illumina Hiseq TM 2000 instrument. Total RNA was extracted from thalli of M. polymorpha using RNeasy Plant Mini Kit (QIAGEN). cDNA libraries were prepared using a TruSeq TM RNA sample preparation kit (Illumina Inc., San Diego, CA). We obtained 36.67 million single-end short reads of 100 bp in length. To facilitate sequence assembly, these reads were assembled using the Trinity program for de novo transcriptome assemble program [5] , resulting in 70546 contigs. Obtained contigs were successively annotated using blastx, on the National Center for Biotechnology Information (NCBI) website, against the reference proteins (refseq_protein) database and the online tool TRAPID: Rapid Analysis of Transcriptome Data [6] . Average transcript length is 1010 bp, average ORF length is 591.5 bp, and 20607 contigs were annotated (29.2%) from resulting TRAPID. On the other hand, M. polymorpha genome project is still in progress, but preliminary genome and transcript database of M. polymorpha genome sequence (JGI Ver. 3.1) is opened by Genome Informatics Laboratory, the National Institute of Genetics and Marchantia Working Group organized by John Bowman and Takayuki Kohchi. [7] We used these genome and transcript database of M. polymorpha for compared with our transcript data. To identify the expression profile of the candidate genes biosynthesis pathway of marchantin A of our transcript data, the transcript abundance were investigated by using fragments per kilobase of transcript per million fragments mapped (FPKM) analysis [8] .
At least 5 gene families, PAL, C4H, 4CL, STCS and P450, involved in the biosynthesis pathway of marchantin A (Figure 1 ).
Phenylalanine ammonia-lyase (PAL) is the first and is therefore involved in the biosynthesis of the polyphenol compounds such as stilbenes, flavonoids, lignans and polyphenols. Only one PAL gene from the liverwort Plagiochasma appendiculatum has been cloned and characterized [9] . In M. polymorpha, ten PAL gene (MpPAL1 -MpPAL10) found ( are closely similar with MPPAL2 and MPPAL3, but these genes were not completely identical.
Mapoly0070s0068.1 and Mapoly0070s0071.1 have full length cDNA and show just only two different of nucleic acid in 2199 length and one different of amino acid. Other three genes (Mapoly0070s0065.1, Mapoly0070s0066.1 and Mapoly0070s0069.1) have fragment cDNA. All these PAL genes have no intron comparing with genome data and transcript. Some plants also have no introns, such as Bambusa oldhamii [10] , Ginko biloba [11] and P. appendiculatum. From the sequence identity of PAL gene between M. polymorpha and P. appendiculatum, MpPAL1, MpPAL4 and MpPAL9 from M. polymorpha show high identity of PaPAL from P. appendiculatum, 86%, 82%, and 78% respectively. In the expression analysis, FPKM value (Table 1) of MpPAL4 gene and MpPAL6 gene show high value of 463.5 and 378.4, respectively, therefore, MpPAL4 and MpPAL6 play an important role in a major gene of PAL in M. polymorpha. In P. appendiculatum, abiotic stress induced the expression level of PaPAL and up-regulated bis(bibenzyl) accumulation in P. appendiculatum. From above evidence, M. polymorpha MpPAL4 and MpPAL6 also concern with the first enzyme in bis(bibenzyl) biosynthesis. Cinnamate 4-hydroxylase (C4H) is Cytochrome P450-dependent monooxygenase of the second step in the phenylpropanoid pathway. In Arabidopsis, only a single C4H gene was found [12] . Three C4H gene encoding MpC4H1, MpC4H2 and MpC4H3 were found. MpC4H1 shares 79.5% and 78.8% identity with MpC4H2 and MpC4H3, respectively. MpC4H1 also show 78.2% identity of moss Physcomitrella patens C4H (XP_001773868). From expression analysis, MpC4H1 gene shows high value than MpC4H2 and MpC4H3 (Table 2) . Therefore, MpC4H1 plays a central role in the hydroxylation of cinnamic acid to p-coumaric acid. [13] reported the cloning and characterization of one Pa4CL1 from same liverwort P. appendiculatum. The Pa4CL1 catalyzed conversion of p-coumaric acid, caffeic acid and dihydro-p-coumaric acid to form CoA derivatives. Therefore, Pa4CL1 categorized class I member of 4CL. The six 4CL genes (Mp4CL1 -Mp4CL6) were found from genome data.
Compared with Pa4CL1 of P. appendiculatum, Mp4CL4 shows high identity (63.3%). Also compared with 4CLs of moss P.patens [14] , Mp4CL1 shows high identity (70.3%) of P.patens 4CL2 (ABV60448). FPKM value of Mp4CL1 and Mp4CL4 gene indicates moderate level of expression value. Thus Mp4CL1 or Mp4CL4 may concern with catalyze conversion of dihydro-p-coumaric acid (4) to form dihydro-pcoumaroyl CoA (5) .
Stilebenecarboxylate synthase (STCS) is one of the key enzymes which biosynthesizes bis(bibenzyls). Because lunularic acid (8) is the key compound of the last cyclization steps in biosynthesis of marchantin [4] .
Chalcone synthase (CHS) is plant-specific polyketide synthase that plays a role in the biosynthesis of chalcones, flavonoids and antocyanins. Stilbene synthase (STS) and CHS enzymes share 75%-90% amino acid sequence identity, and both enzymes catalyze the condensation of p-coumaroyl-CoA with three molecule of malonyl-CoA to produce a new aromatic ring system. STS enzymes cyclize the resulting tetraketide intermediate product via an intramolecular C2-C7 aldol condensation, and CHS catalyzed intramolecular C6-C1 Claisen condensation [15] . Schröder et al. [16] reported the first example of STCS from Hydrangea macrophylla. The moss P. patens contains at least 17 putative CHS superfamily genes [17] . Also, one CHS gene (PaCHS) from the same liverwort P. appendiculatum has been isolated and functionally characterized [18] and two STCS proteins (AHY39237, AHY39238) were deposited at NCBI. Similarly, M. polymorpha contains 22 STCS (STS or CHS) genes (MpSTCS1 -MpSTCS22) derived from marchantia genome data. Amino acid sequence identity between MpSTCS1 and other MpSTCS genes, varies from 95.7% to 42.7% (Table 3) . Schröder et al. [16] also reported two STCS (AAW30009, AAW30010) from M. polymorpha, without functional analysis. Unfortunately, we could not find out these STCS gene from genome and transcript data of M. polymorpha. However we found these gene from Marchantia paleacea subsp. diptera. (unpublished data). Compared with Table 3 . Although M. polymorpha produces not only bis(bibenzyls) but also flavonoids [1], it is unknown which STCS genes involve biosynthesis of stilbene carboxylates, such as lunularic acid.
In our preliminary experiments of function analysis of some STCS from M. polymorpha, we could not confirm the production of stilbene carboxylic acid (unpublished data). The mechanism of stilbene carboxylate biosynthesis is still unknown. The crucial step is the intermolecular phenolic coupling reaction of the bibenzyl monomers, lunularic acid, not lunularin, to form the macrocyclic marchantin C. Friederich et al. [2] [3] , reported the cytochrome P450 enzyme involved the formation of the cyclic bis(bibenzyl) marchantin C providing an intramolecular phenol coupling reaction catalyzed by P450 enzyme. Friederich et al. [2, 3] proposed this enzyme as "marchantin C synthase" and second P450 enzyme that catalyzed the hydroxylation of marchantin C for the formation of marchantin A as "marchantin C hydroxylase". Another example of intramolecular phenol coupling reaction catalyzed by P450 enzyme have been reported in alkaloid The tree was constructed by MEGA 7.0 program, specifically employing the neighbor-joining method. biosynthesis [19] . About one hundred cytochrome P450 enzyme have been found in genome data of M. polymorpha.
Next, we selected the P450 enzyme classified flavonoid 3'hydroxylase (F3'H) by blast results, because the formation of second ether bridge involves the hydroxy group at C-3' of ring D and hydroxylation step involves C-6' of C ring. Those positions resemble flavonoid 3' position of the B-ring ( Fig. 3 ). Phylogenetic analysis was performed using P450 classified F3'H and moderate expression level (FPKM value of 10 or more, Table 4 , Fig. 4 ). MpP450-3 showed high expression level and MpP450-6, 14, 17, 31 did moderate level. In this case, it is still unknown which P450 enzymes play in involved intermolecular (two lunularic acid) and intramolecular (second ether bridge formation) coupling reaction, or hydroxylation of marchantin C to marchantin A. (8) 2017 Takahashi & Asakawa resulting cDNA library was then sequenced using an Illumina HiSeq ™ 2000 system with a read length of 100 nt.
Sequence Assembly and Analysis:
The Illumina mRNA-seq 36.67 million single-end short reads of 100 bp in length transcript data assembled using Trinity de novo RNA-Seq assembler program [5] with default parameter. Annotation of the assembled transcript data was performed using Blastx program with an E-value threshold of 1.0E-10 against NCBI database (swissprot) and the online tool TRAPID (http://bioinformatics.psb.ugent.be/webtools/trapid/).
Functional annotation and Analysis of Gene Expression:
The Illumina reads were mapped using the Bowtie2 program with a default setting in the single end mode. Abundance estimation of transcriptome (FPKM) was performed by CUFFLINKS 2.2.1 software.
